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a  b  s  t  r  a  c  t
Pure  and Co substituted  ZnO  nano  crystalline  particles  were  prepared  by  solution  combustion  technique
using  l-Valine  as  a fuel.  As  synthesized  powder  samples  were  characterized  by X-ray  diffractometer  and
SQUID magnetometer  to  conﬁrm  the  formation  of single  phase  wurtzite  structure  and  to  study  the  bulk
magnetic  response  of the  sample,  respectively.  Magnetic  studies  show  that  Co  doped  ZnO  nanoparti-
cles  exhibit  ferromagnetism  (FM) at room  temperature  (RT).  Furthermore,  the electronic  structure  and
element  speciﬁc  magnetic  properties  were  investigated  by  near-edge  X-ray  absorption  ﬁne  structure
(NEXAFS)  and  X-ray  magnetic  circular  dichroism  (XMCD)  measurements,  respectively.  The  effect  of  Co




tigated.  The  spectral  features  of NEXAFS  at Co L3,2 edge  is  entirely  different  from  the  spectral  features  of
metallic  clusters  and  other  impurity  phases,  which  rules  out  the  presence  of impurity  phases.  The valence
state  of ‘Co’  ion  is found  to be in  +2  state.  The  FM  nature  of  the  sample  was  conﬁrmed  through  XMCD
spectra,  which  is  due  to  the  incorporation  of divalent  ‘Co’  ions.  Hence  the  presented  results  conﬁrm  the
substitution  of  ‘Co’  ions  at  ‘Zn’  site  in  the  host  lattice,  which  is responsible  for the  RTFM.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Dilute magnetic semiconductors (DMSs) are the potential candi-
ates for spintronic applications such as spin-polarized information
torage and processing devices [1–3]. In order to realize the spin-
ronic devices, the DMS’s must exhibit ferromagnetism (FM) at
oom temperature (RT). Dietl et al. [4] and Sato et al. [5] predicted
hat, the transition metal ions doped ZnO are the promising can-
idates for spintronics applications with intrinsic DMS  properties
t RT. In this context transition metal doped ZnO DMS’s are being
xtensively studied in the form of both nanoparticles [6–10] and
hin ﬁlms [11–17] by various research groups. Co doped ZnO based
MS  materials are of great interest, due to the tunability of FM
bove RT, high solubility limit and large magnetic moment per ‘Co’
on. But achieving single-phase, RTFM DMS  is relatively difﬁcult due
o the formation of ‘Co’ metallic clusters or other impurity oxide
hases. However, theoretical and experimental controversies on
∗ Corresponding author.
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368-2048/© 2014 Elsevier B.V. All rights reserved.the issue of whether magnetism is intrinsic (carrier-induced) or
extrinsic (secondary phase formation) are still prevailing. Theoret-
ical calculations by Sako and Katayama-Yoshida [5], have predicted
that intrinsic FM of Co doped ZnO can be achieved by electron-
doping, when magnetic dopants substituted at ‘Zn’ cation sites.
There are few reports with experimental results on Co doped ZnO
with DMS  properties [6–17]. But the possibilities of extrinsic FM
have not been ruled out, in fact it has been observed in Co doped ZnO
[18–21], due to the formation of metallic Co impurity, Co3O4 phases
and oxygen vacancies. Hence the origin of FM in Co doped ZnO is
still under debate and not understood well yet. The near-edge X-ray
absorption ﬁne structure (NEXAFS) is an effective experimental tool
and is an element speciﬁc technique, which can give information
about the valance state, local environment, and hybridization of the
speciﬁc cation (Co) in the material. On the other hand, X-ray mag-
netic circular dichroism (XMCD) can be used to probe information
regarding the contribution of speciﬁc cation in any material toward
the total magnetism of the system. It is also used to determine the
spin and orbital contributions to the magnetism using sum rules
[22,23]. In this work, we  synthesized Co doped ZnO nanoparticles
by solution combustion technique (SCT) using l-Valine as a fuel and






































eFig. 1. The XRD pattern of as synthesized Zn1−xCoxO (x = 0, 0.01, 0.03 and 0.05).
e report the intrinsic RTFM through NEXAFS and XMCD studies of
he Co doped ZnO nanoparticles along with bulk superconducting
uantum interference devices (SQUID) magnetic measurements.
. Experimental
Pure and Co substituted ZnO nanoparticles were prepared by the
CT using Zinc Nitrate Hexa-hydrate as an oxidizer and l-Valine as
 fuel and cobaltous nitrate hexa-hydrate as dopant. Stoichiometric
mounts of oxidizer (O) and fuel (F) were taken based on the con-
ition that the valance of O/F to be unity, using total oxidizing and
educing valences of the oxidizer and the fuel. These stoichiomet-
ic amounts of starting materials dissolved in the double distilled
ater and stirred completely to get transparent solution. The trans-
arent solution was dried on hot plate/mufﬂe furnace at 100 ◦C to
emove water content in the solution. So obtained sticky solution
water free) was then placed in the pre-heated mufﬂe furnace at
00 ◦C for combustion process. Within 5 min, the solution ignites
res with ﬂame and ﬁnally left with voluminous foamy product
ash). The ﬁnal foamy product was collected and ground using agate
ake pestle and mortar.
As-synthesized samples were characterized for phase purity
sing X-Ray Diffractometer (D8 ADVANCE, Bruker) with wave-
ength 1.5418 A˚ and magnetic studies at RT through SQUID
agnetometer. Electronic structure and element speciﬁc mag-
etic properties were investigated through NEXAFS and XMCD
easurements. X-ray absorption spectroscopy (XAS) i.e., NEXAFS
easurements were carried out at different beamlines (BL-11A,
7C and 20A) available at National Synchrotron Radiation Research
enter (NSRRC) in Taiwan. Together with SQUID, we also measured
he XMCD at 11A1 (Dragon) beamline of NSRRC, Taiwan. All the
eamline X-ray absorption data was obtained in the ﬂuorescence
ield (FLY) mode, which is mostly bulk sensitive.
. Results and discussions
To synthesize Co–ZnO nanoparticles, for the ﬁrst time l-Valine
as been utilized as a fuel by SCT. Fig. 1 shows the XRD patterns of
ure and Co doped ZnO nanomaterials. From the ﬁgure, it is seen
hat, all peaks could be indexed to the JCPDS card no. 36-1451,
elongs to hexagonal wurtzite ZnO phase with space group P63mc.
t is evidenced from the XRD pattern that as synthesized pure and
o substituted ZnO is in pure single phase, polycrystalline in nature
nd there is no secondary/impurity phase like, CoOx, metallic Co,
tc. It indicates that, ‘Co’ ions are substituting ‘Zn’ ions without anyFig. 2. SEM micrographs of pure ZnO nano powders. Inset shows the distribution of
particles (grains).
secondary phase formation. A shift in the XRD peaks is observed
in Fig. 1, which could be due to the increased substitution of ‘Co’
cation into ‘Zn’ site, which leads to change in the lattice parameters
or unit cell volume. The Rietveld reﬁnement was carried out on the
XRD data using Fullproof suite. The reﬁned lattice parameters are
tabulated in Table 1. The lattice parameters show small variation
with increase of ‘Co’ doping in ZnO. This could be due to a very
small doping concentration (diluted) (<5%) and also could be due
to the presence and variation of oxygen vacancies with increase of
‘Co’ doping. Hence, the variations in lattice parameters are not that
signiﬁcant. These results are in agreement with those reported in
literature [24,25].
The crystallite size and strain were calculated using Williamson-
Hall Eq. (1).
 ˇ cos  = k
D
+ 4ε sin  (1)
where,  ˇ is the observed FWHM,   is the Bragg angle, k is the
Scherer’s constant,  is the wavelength of the X-ray used, D is the
crystallite size, ε is the strain present in the crystal.
Crystallite size and strain were determined from the intercept
and slope obtained by plotting  ˇ cos  along y-axis and 4 sin  along
x-axis. The obtained values of crystallite size and strain are tabu-
lated in Table 1. It is seen from the table, the average crystallite size
found in the range 20–30 nm.  The decrease of crystallite size and
the strain as a function of ‘Co’ concentration were observed and are
attributed to the relative difference in the ionic radii of cations (‘Co’
and ‘Zn’). The substitution of ‘Co’ into ‘Zn’ site would have altered
the geometrical structure of the ZnO, thereby introducing lattice
micro strain in the material. The crystallite size of the combustion
synthesized material is strongly dependent on the exothermicity of
the combustion reaction. In this case the inclusion of Co precursor
along with the Zn precursor would have altered the exothermicity
of the reaction there by changing the crystallite size.
The micro-structural and surface morphology were studied
using scanning electron microscopy. The SEM micrograph of pure
ZnO is depicted in Fig. 2. It is seen from the micrograph that, as
synthesized samples are agglomerated, porous in nature and parti-
cles are uniformly distributed. It is the indicative sign of evolution
of large amounts of nitrate gasses during combustion. Though, as
synthesized product (powder) is agglomerated, the average parti-
cle (grain) size of ZnO particles is found to be in the range of nano
regime i.e. 30–50 nm (inset of Fig. 2), it is partial in agreement with
the values found from XRD analysis. The particle size distribution
is also presented in the form of histogram as an inset in Fig. 2.
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Table  1
Crystallite size, strain, Lattice parameters, coercive ﬁeld, remnant and saturation magnetizations.
Sample Crystallite size (D)/(nm) Strain (ε)/(%) Lattice parameters Mr/x 10−5 (emu/g) Hc/(Oe) Ms/x 10−5 (emu/g)
XRD TEM a = b/(Å) c/(Å)
Pure ZnO 30.58 33.0 0.256 3.251 (1) 5.206 (1) – – –
Zn0.99Co0.01O 28.70 31.0 0.231 3.252 (1) 5.206 (1) 11.2 176 35.7
Zn0.97Co0.03O 22.34 – 0.183 3.254 (1) 5.209 (1) 28.1 312 56.5
















Aig. 3. TEM micrographs of (a) Pure ZnO, and (b) Zn0.99Co0.01O. Insets show their
orresponding distributions of the particles.
The transmission electron microscopy (TEM) micrographs of
ure ZnO and Zn0.99Co0.01O are depicted in Fig. 3. It is found from
ig. 3 that, the particles are agglomerated, having wide distribu-
ion ranging from 15 to 50 nm for pure ZnO and 30 to 45 nm for
n0.99Co0.01O. The average particle sizes estimated from the TEM
icrographs are found to be 33 nm and 31 nm for pure ZnO and
n0.99Co0.01O, respectively. These values are in agreement with
hose obtained from XRD and SEM measurements.
The RT (300 K) magnetization with applied magnetic ﬁeld (M-H
oop) measurements were carried out for as synthesized Zn1−xCoxO
x = 0, 0.01, 0.03, 0.05) powders through SQUID magnetometer. The
btained magnetic-hysteresis (M-H) loops are depicted in Fig. 4.
t is seen from the RT M-H  loops that the x = 0 (top-left inset of
ig. 4) exhibits diamagnetic behavior with the negative slope of
he curve, which is due to the diamagnetic nature of pure ZnO.
fter removing the contribution (straight line) of the paramagneticFig. 4. Magnetic hysteresis plots at 300 K for Zn1−xCoxO. Top-left inset shows the
diamagnetic behavior for x = 0.00 and bottom-right inset shows enlarged part hys-
teresis loops.
phase of other samples Zn1−xCoxO (x = 0.01, 0.03, 0.05), exhibit fer-
romagnetic behavior with clear hysteresis loops (down-right inset
of Fig. 4) at room temperature due to the incorporation of ‘Co’ ions
into the ZnO host lattice. The remnant magnetization (Mr), Coercive
ﬁeld and their corresponding saturation magnetization (Ms) values
for Zn1−xCoxO (x = 0.01, 0.03, 0.05) increases with ‘Co’ concentra-
tion and are tabulated below in Table 1. The existence of RTFM is
attributed to the incorporation of small amount of ‘Co’ ions into the
ZnO host lattice. Though no impurities were observed within in the
detection limit of XRD, there can be possible amount of impurities
below the XRD detection limit. Hence for further conﬁrmation of
intrinsic ferromagnetism in Co–ZnO, the NEXAFS and XMCD studies
are carried out.
To further investigate the role of ‘Co’ doping and to ascertain of
its position in ZnO host lattice, NEXAFS and XMCD measurements
on Co–ZnO nanoparticles have been carried out. NEXAFS and XMCD
are considered to be powerful tools to investigate the electronic
structure and magnetic properties of Co doped ZnO nanoparticles.
The line shape of NEXAFS spectra is the ﬁngerprint for d- as well
as p-state conﬁguration. The NEXAFS is an element-speciﬁc tech-
nique, in which the spectral features are very much sensitive to the
local environment of the probed ion. This tool can be used to deter-
mine the charge state of ‘Co’ ion in the ZnO host and to determine
the presence of ‘Co’ ion as clusters or in any other oxide phase or
whether it is substituting at the ‘Zn’ site in the host ZnO. Also, XMCD
is one of the tools to investigate the source of magnetism, the role
of ‘Co’ ions in the ZnO host lattice and to determine the magnetic
contribution from the spin and orbital part using sum rules [22,23].
NEXAFS spectra were collected at O K-, Zn L- and Co L- edges and
XMCD spectra were taken for ﬁxed helicity of the light.Incorporation of ‘Co’ ions into the ZnO host lattice would have
altered O K-edge NEXAFS spectra of ZnO. Fig. 5 shows the nor-
malized O K-edge NEXAFS spectra at various ‘Co’ concentrations,
which represents the orbital nature of the spectral features of the














































of L3-edge increases with increase of ‘Co’ concentration (inset of
Fig. 7), due to the more and more Co 3d unoccupied states are
being introduced into the ZnO band gap region; hence increase
in the transition probability. The observed spectral features wereFig. 5. NEXAFS spectra of Zn1−xCoxO nanoparticles taken at O K-edge.
 2p unoccupied states in the conduction band and its hybridiza-
ion with different ‘Zn’ and ‘Co’ orbitals. It is seen that, the spectral
eatures of both pure and Co doped ZnO exhibits several prominent
eatures. Based on the literature [26,27], the spectral features are
ssigned as follows. In the case of both pure and Co doped ZnO:
i) the features in the energy region between 532 and 539 eV are
ssigned to the hybridization of O 2p with highly dispersive Zn
d4s/Co 3d states, forming the bottom of the conduction band with
rominent peak at 536.7 eV due to the transition of O 1s electrons
o more localized (non-dispersive) O 2p states (2pz and 2px+y) [28],
ii) the features between 539 and 547 eV are assigned for the tran-
ition to the states formed due to the hybridization between O 2p
tates with Zn 4p and Co 4p states and (iii) the spectral features
bove 547 eV is emerged due to the hybridization of O 2p states
ith the extended higher orbitals of ‘Zn’ and ‘Co’ [29]. As ‘Co’ con-
entration increases in ZnO, there is an increase in the intensity
f the pre-edge peak at 531.6 eV (see bottom-inset ﬁgure). This
s due to the fact that, as ‘Co’ concentration increases, more and
ore ‘Co’ unoccupied 3d states are being introduced within the
and gap of the ZnO that hybridizes with the O 2p orbitals. The
ppearance of similar feature has been reported [30–32] in case of
hin ﬁlms. It is also evidenced that, this pre-edge peak also present
n the case of pure ZnO. If the enhancement in pre-edge peak at
31.6 eV is attributed to the incorporation of ‘Co’ ions (concentra-
ions), no peak is expected in the case of pure ZnO, since ‘Zn’ has
d10 conﬁguration; as no empty 3d states are available. However,
he presence of this pre-edge peak is attributed due to some ‘O’
acancies or some other defects present in the sample, which might
e introduced during the combustion synthesis. Apart from these
eatures, other noticeable changes in the spectral features were
bserved. The intensity of peak at 536.7 eV decreases with increase
n ‘Co’ concentration (see top-inset ﬁgure) and the broadening of
ther peaks with energy greater than around 538 eV. Similar fea-
ures and broadening were reported in [28,31]. These broadenings
re attributed to the presence of ‘O’ vacancies and ‘Co’ doping. Due
o the hybridization of Co 3d states with O 2p states, the O 2p states
ecomes more and more dispersive, leading to the broadening of
he spectral features with increase in the ‘Co’ concentration.
According to the dipole transition selection rule, Zn L3,2-edge
EXAFS probes the unoccupied Zn s- and p- derived states. Fig. 6
epresents Zn L3,2-edge NEXAFS spectra of pure and Co doped ZnO
anoparticles. The spectral features in the energy region between
020 and 1035 eV are associated with the transition of Zn 2p elec-
ron to Zn 4s and anti-bonding 3d states [33]. The bottom inset
eveals the intensities of features around 1028 eV and 1032 eV that
ecreases and shifts toward higher energies with increase of ‘Co’Fig. 6. NEXAFS spectra Zn1−xCoxO nanoparticles taken at Zn L3,2-edge.
concentration, where as the features around 1022 eV are less sensi-
tive to the ‘Co’ doping. This is because, 3d orbitals are more localized
than the 4s orbitals, the transition probability of Zn 2p to 3d would
be larger than that of Zn 2p to 4s. Hence these features will be domi-
nated by Zn 3d states contributions. The decrease in the intensities
(integrated intensities) of the above features (top inset) indicate
that the number of unoccupied Zn 4s and 4d states near the con-
duction band minimum are reduced due to the incorporation of ‘Co’
ions.
The NEXAFS at Co L3,2-edge determines the 3d occupancy of the
‘Co’ ions and hence provides an information on the charge state
of the ‘Co’ ions in the ZnO host lattice. The NEXAFS spectra of Co
doped ZnO taken at Co L3,2-edge is depicted in Fig. 7. It is seen from
the spectra, the features for all ‘Co’ concentrations are same except
the variation in the intensities. The spectral features between 775
and 785 eV exhibit multiple absorption peaks, which are assigned
to the Co 2p3/2 – 3d5/2 (L3-edge) transitions, and those in the region
790–798 eV to the Co 2p1/2–3d3/2 (L2-edge) transitions. The large
energy separation between these absorption lines is due to spin-
orbit splitting of the 2p core holes. The intensity of spectral featuresFig. 7. NEXAFS spectra of Zn1−xCoxO nanoparticles taken at Co L3,2-edge.
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Rig. 9. Temperature dependent XMCD spectra of Zn1−xCoxO nanoparticles taken at
o  L3,2-edge with H = ±1 T.
ompared with the existing theoretical spectral features based on
he atomic multiplet calculations found from the literature [31,32],
t is concluded that, the valence state of ‘Co’ is found to be +2, it is in
etrahedral symmetry surrounded by four ‘O’ atoms with crystal-
eld splitting value of 10Dq = − 0.6 eV. Also no ‘Co’ clusters/impurity
hases, Co3O4 is present in the sample. Hence, ‘Co’ is substituted at
he ‘Zn’ site in the ZnO host lattice.
To further investigate the source of magnetism and the role of
Co’ in the ZnO host lattice, the XMCD spectra were collected at the
o L3,2-edge at 80 K and 300 K. XMCD spectra is depicted in Fig. 8.
he XMCD signal is the difference between the NEXAFS spectra
ecorded for the parallel (I+) and anti-parallel (I−) alignments of
he photon helicity with the applied magnetic ﬁeld (±1 T). It is seen
rom the XMCD (I+ to I−) signal with a negative sign at h = ∼777 eV
n case of RT, and ∼779 eV for 80 K conﬁrms the magnetic contri-
ution of Co2+ ions, which are responsible for the FM ordering at
T and at 80 K, respectively. The relative intensity of XMCD signalFig. 10. Normalized NEXAFS and XMCD spectra of pure ZnO and Zn1−xCoxO (x = 0.01,
0.03 and 0.05) taken at Zn L3,2-edge with H = ±1 T.
at L3 edge increases with ‘Co’ concentrations, due to the increase of
‘Co’ ions in the host lattice. It is also seen that, there is a weak sig-
nal at the L2-edge; this would suggests the presence of large orbital
contribution of the magnetic moment [30,32,34].
The intensities of XMCD signals decrease with temperature,
which could be due to the paramagnetic contribution from ‘Co’ ions.
Further to conﬁrm this, the temperature-dependent XMCD spectra
are depicted in Fig. 9. There is a considerable difference between
the XMCD signal collected at 80 K and 300 K. This difference in the
intensities of XMCD signal collected at 80 K and 300 K indicates
that there is a considerable contribution of the ‘Co’ ions toward the
magnetism of the system, which is in consistence with the result
obtained by [35]. They observed a decrease in XMCD signal at the Co
L3,2-edge with increase in temperature, in our case almost similar
trend has been observed. Thus we conclude that, the contribution
of doped ‘Co’ ions toward the magnetism in the system is FM with











































































[34] T. Frunk, A. Deb, S.J. George, H. Wang, S.P. Cramer, Coord. Chem. Rev. 249 (2005)84 S. N et al. / Journal of Electron Spectroscop
o determine the orbital and spin contribution to the total magne-
ization, but the values obtained would be unreliable, since there
s no single emerging at L2-edge.
In order to further investigate the origin of FM in our Zn1−xCoxO
x = 0, 0.01, 0.03 and 0.05), we searched for the possible magnetic
esponse of the ‘Zn’ sub-lattice. The electronic conﬁguration for
n2+ is formally 3d10, so that a 3d magnetic moment cannot be
xpected to be present. However, the presence of vacancies and/or
nterstitial ‘Zn’ atoms could be at the origin of an unﬁlled 3d shell,
hich could, in turn, carry a magnetic moment. The above Fig. 10
hows the NEXAFS and XMCD spectra measured at the Zn L3,2-edges
t H = ±1 T. The NEXAFS spectra did not show the presence of any
trong white line, as expected for a fairly pure 3d10 conﬁguration.
nd also, there is no evidence of an XMCD signal in the measured
nergy region. This rules out the presence of any detectable ferro-
agnetic contribution of the Zn s and d shells.
. Conclusions
We  have successfully synthesized single-phase Co:ZnO diluted
agnetic semiconductor nanoparticles using combustion tech-
ique with l-Valine as a fuel for the ﬁrst time. The XRD pattern
eveals the formation of single-phase and an absence of secondary
hases of ‘Co’ metal or ‘Co’ oxides. Formation of nanoparticles was
onﬁrmed through SEM micrographs in agreement with the values
btained from XRD. SQUID measurements reveals as synthesized
o doped ZnO nanoparticles exhibits carrier mediated RTFM which
s intrinsic due to the incorporation of ‘Co’ ions. Hence XRD and
QUID measurements conﬁrm the substitution of ‘Co’ at ‘Zn’ site
n the ZnO host lattice. The effect of Co substitution on the spec-
ral features of Co–ZnO at O -edge, Co L3,2 edge, Zn L3,2 edge have
een investigated. The O K-edge NEXAFS spectra reveals the strong
ybridization of O 2p states with Co 3d orbitals, which is evident
rom the increase in the intensity of pre-edge spectral feature as a
unction of ‘Co’ concentration. From the Co L-edge NEXAFS spec-
ra the ionic state of ‘Co’ ions in ZnO host was found to be in
2 state. XMCD spectra at RT show that the magnetic contribu-
ion is due to Co2+ ions, not due to the Co metal cluster. Hence,
n1−xCoxO nanoparticles exhibit intrinsic ferromagnetism at room
emperature with considerable weak paramagnetic contribution
s revealed by the temperature-dependent XMCD studies. This
aramagnetic contribution was coming due to the presence of ‘O’
acancies or ‘Co’ incorporation, which is consistent with O K-edge
esults. Over all the spectroscopic results reveal that the ferro-
agnetic behavior is intrinsic, this is prerequisite for spintronic
pplications.
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